Objective We investigated trends and determinants of pulmonary tuberculosis (PTB) in deceased South African miners.
Introduction
Mining activity is associated with increased tuberculosis (TB) incidence, prevalence and mortality in sub-Saharan Africa. 1 In studies of active and former South African miners conducted in the period 1991-2001, the prevalence of active and inactive TB based on selfreported history, chest radiography or bacteriology (sputum smear and culture) was between 19.4% and 35.2%. [2] [3] [4] [5] None of these studies used autopsy diagnosis or reported time trends. Using similar modalities of diagnosis in cohorts of gold miners studied from 1990 to 2004, the observed annual incidence rates ranged from 806 to 3821 cases per 100 000 person years, 2, 6, 7 and were much higher than national estimates, which increased from 250 per 100 000 in 1996 8 to 781 per 100 000 in 2004. 9 The South African mining industry continues to rely heavily on migrant workers from rural areas and neighbouring countries. Oscillating migration of mine workers has created a unique social context which contributes to the disruption of TB detection and care, treatment failure, poor treatment outcomes, development of drug-resistant strains and transmission throughout the southern African region. 10, 11 This is exacerbated by overcrowded living conditions and work in dusty, poorly ventilated mine shafts. The Southern African Development Community committed itself to address TB and associated risk factors in miners and affected communities, 12 and The Global Fund to Fight AIDS, Tuberculosis and Malaria is supporting a coordinated regional response to reduce miningrelated TB. 13 Occupational exposures to crystalline silica have resulted in high silicosis prevalence among current (8.3%-19.9%) 14 and former (22.0%-36.0%) 15, 16 South African gold miners. Both silica dust and silicosis are risk factors for pulmonary tuberculosis (PTB). The risk is three times higher in miners with silicosis compared with those without, increases with silicosis severity and is lifelong, continuing after dust exposure cessation. 16, 17 Family separation, another consequence of migrancy, is associated with higher risk sexual practices and increased HIV incidence. 11 Since its advent in the 1980s, HIV prevalence in miners has increased to about 30%. 18 In gold miners, HIV infection has been shown to increase the risk of TB fivefold. 6 One study has demonstrated a multiplicative, 15-fold increase in PTB risk in silicotic, HIV-positive miners, compared with non-silicotic, HIVnegative miners. 19 Under the apartheid regime, health services were fragmented along racial lines, with inferior services offered to the black population. Since 1994, the postapartheid government has aligned South Africa's TB control policies with those of the WHO. 20 Initiatives have included implementation of the Directly Observed Treatment, Short-course (DOTS) strategy from 1995, standardised reporting and improvements in TB control. 20 Interventions to reduce silica dust exposures and eliminate silicosis, 21 and to improve the prevention, detection and treatment of HIV and TB, 22 are in progress. Currently, many mines provide TB services for miners and have TB cure rates that meet or exceed the WHO target of 85%. 23 Even so, the TB epidemic continues.
Strengthening the reporting and surveillance of HIV, TB and silicosis is an essential component of TB control. The main sources of national TB statistics are the National Department of Health's Electronic TB Register, the National Health Laboratory Service's laboratory-based Corporate Data Warehouse, and Statistics South Africa's mortality statistics. Most of these sources provide recent data (from the 1900s onwards) and do not provide industry-specific TB data.
South African law recognises TB in miners as a compensable occupational lung disease, irrespective of HIV status. The law allows for examinations of the cardiorespiratory organs of deceased miners, regardless of the clinical cause of death and with consent from a near relative. 24 Cardiorespiratory organs are removed locally where the miner dies and preserved in formalin. The organs are submitted to the National Institute for Occupational Health (NIOH) in Johannesburg, where detailed autopsy examinations are performed. Since 1975, the pathological findings, demographic information and work histories have been captured on the PATHAUT (Pathology Automation System) database, which was developed primarily for compensation purposes but is also used extensively for research and surveillance.
From 1975 to 1991, the proportions of black gold miners with autopsy-diagnosed PTB and silicosis increased from 0.9% to 3.9% and from 9.3% to 12.8%, respectively. 25 These changes were explained by increasing age at death and duration of employment over time. Silicosis and year of autopsy were also significant determinants of PTB. A more recent study demonstrated that the proportion of silicosis which was six times lower in black miners (0.03) than white miners (0.18) in 1975 was 1.5 times higher (0.32 vs 0.22, respectively) by 2007. 26 The main determinants of silicosis were increasing age and duration of employment in both population groups, and year of autopsy in black miners. These silicosis trend analyses 25, 26 were restricted to men who died of external (unnatural) causes to reduce potential bias arising from increased TB-associated mortality in miners with silicosis.
Our study investigated autopsy-diagnosed PTB trends and determinants in black and white South African miners over a 40-year period (1975-2014) . Unlike the previous trend analyses, 25, 26 we included all autopsies regardless of the cause of death, that is, both external and non-external (natural) causes, and all commodity groups, not only gold. The data were analysed by population group because of racial differences in the types and duration of mining employment, intensity of dust exposure, living conditions and access to autopsy examination. Generally, black miners are employed in occupations such as stoping and drilling, which have higher silica dust exposures than the supervisory and maintenance positions held by white miners. Historically, black miners worked short-term contracts, while white miners worked as career miners. Policy changes in the last three decades have allowed black miners to work long-term contracts. This has resulted in increased ages, lengths of employment, cumulative silica exposures and silicosis prevalence. 26 These factors, together with overcrowded living conditions in hostels or shacks and high HIV prevalence, have increased TB risk in black miners. Furthermore, there is inadequate provision of autopsy services in the rural areas to which many black miners return after leaving the industry. 27 
Methods

Study population
The study population comprised male black and white miners whose cardiorespiratory organs were examined at the NIOH from 1975 to 2014.
Exposure characteristics
In the absence of dust measurements, cumulative years of service in the gold mining industry (gold employment duration) were used as proxy measures for cumulative silica dust exposure.
Except where stated otherwise, miners were categorised according to the mining commodity in which they worked for the longest time. Commodity refers to the type of mineral mined.
Disease diagnosis and definitions
Examinations of the cardiorespiratory organs are performed by experienced pathologists using macroscopic and microscopic procedures, which did not change over the study period.
The pathological diagnosis of PTB was based on the presence of microscopic epithelioid granulomas associated with caseous necrosis in the lungs or regional glands, after exclusion of other causes. Silicosis was defined as the presence of palpable silicotic nodules on macroscopic examination of the lung, confirmed by the presence of microscopic silicotic islets histologically.
Clinical causes of death were obtained from death certificates and other documents submitted to the NIOH. We defined HIV in cases where clinicians and/or NIOH pathologists stated HIV or any of the following AIDS-related diseases as a cause of death: Kaposi sarcoma, cryptococcal pneumonitis, Pneumocystis jiroveci pneumonia, cytomegalovirus pneumonitis or cryptococcal meningitis. Despite TB being an AIDS-related disease, it was excluded from the definition of HIV because it was the outcome of interest.
Statistical analyses
Data management and analyses were performed using SAS V.9.3 and Stata V.14 software. Disease proportions are expressed as percentages. Student's t-test and the χ 2 test were used to determine differences between means and frequencies, respectively. Linear trends were determined using the Cochrane-Armitage trend test for proportions and linear regression for continuous variables. Statistical significance was defined at p<0.05.
The analyses were segmented according to phases of the HIV epidemic. Following the first reported cases of HIV/AIDS in South Africa in 1982, 28 antenatal surveys showed an explosive spread of HIV from 0.8% in 1990 to approximately 29.0% in 2007. 29 In 2004, the national roll-out of antiretroviral therapy (ART) was initiated. 30 Our analyses reflect the pre-HIV and early HIV (1975 HIV ( -1989 , rapid HIV spread (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , and ART (2005-2014) periods.
Binary logistic regression models were used to estimate the association of PTB (0=absent, 1=present) with explanatory variables. The initial selection of explanatory variables was based on a priori knowledge. Variables with crude ORs of p<0.25 in the univariable logistic analysis were included in the full models for black miners. The same variables were included in the models for white miners to allow for comparison and because the distribution of significant variables and categories within variables differed across calendar periods. In the initial models, we included silicosis severity categorised as none, occasional, few, moderate and large numbers of nodules. In both population groups, the adjusted ORs (AORs) were significant and were highest in the group with moderate silicosis and lowest in those with marked silicosis. In the absence of a clear trend between PTB and silicosis severity, silicosis was included as a binary variable in the final models. The explanatory variables in the initial multivariable models were population group (black or white), year of autopsy, age at death, gold mining duration, silicosis (0=absent, 1=present) and HIV (0=absent, 1=present). The final models were stratified by population group because of effect modification and were segmented as explained above. HIV was excluded from the 1975-1989 models because the first case of HIV in our study population was recorded in 1987 and there were few cases of HIV (n=4) before 1990.
Interaction terms for year and age, year and duration, age and duration, and silicosis and HIV were included in the initial models. Although some of the interaction terms were statistically significant, none were included in the final models because little interaction was demonstrated in interaction plots and their inclusion made little difference to the AORs. In the interests of parsimony, these interaction terms were omitted from the models.
Postregression analyses were performed using the Hosmer-Lemeshow goodness-of-fit test. This test was selected rather than Pearson's goodness-of-fit test because more than 25% of the expected cells contained fewer than five cases. In this test, p values of <0.05 indicate poor fit, that is, that the observed and expected numbers of PTB cases and non-cases differ more than expected by chance.
To determine if excluded cases biased our findings, we used multiple iterative chained equations to create a data set containing 10 imputations of missing values for age and employment duration for black miners. The mechanism of missingness was defined as missing at random. The final logistic regression models were applied to the imputed data set.
Results
Study population
The study population consisted of 83 972 deceased miners after exclusion of groups with few cases (female miners and population groups other than black or white) and cases with missing age or employment information (table 1) .
There were 53 248 (63.41%) autopsies in black and 30 724 (36.59%) in white miners (table  2) . Black miners were younger and had significantly shorter periods of employment. Most blacks were active miners (79.20%), whereas most whites were former (86.93%) miners. The majority were gold miners (77.98%). The crude proportion of silicosis in black miners was 0.62 that of white miners, and the crude proportion of HIV was 48.96 times higher in black miners.
There were 7389 cases of HIV. Of these, 4705 were defined using clinical causes of death and 2684 cases using a pathological cause of death. Of the HIV-negative cases, 5837 had neither a clinical nor a pathological cause of death stated.
Pulmonary tuberculosis
Autopsy-diagnosed PTB was detected in 9980 (11.88%) miners and was five times higher in black miners compared with white miners (table 2). The proportions of PTB by calendar period and population group are provided supplementary table S1. The proportions of PTB in black and white miners with autopsy-diagnosed silicosis were 31.34% (n=2233) and 6.44% (n=439), respectively. Silicosis severity was similar in both population groups and was mild in 1816 (67.96%), moderate in 649 (24.29%) and marked in 153 (5.73%) cases.
In black and white miners with HIV, 35.89% (n=2621) and 10.34% (n=9) had PTB, respectively. Among those who were HIV-negative, PTB was present in 13.83% (n=6356) of black and 3.24% (n=994) of white men. The proportions of PTB increased across the three calendar periods and the distribution of PTB within each variable differed by population group (supplementary table S1).
Trends
All linear time trends were significant (p<0.001). Disease trends are shown in figure 1A ,B. The lower than expected proportions of PTB and silicosis in 1996 were due to incomplete data entry on the PATHAUT database. In black autopsied miners, PTB increased from 4.62% in 1975, peaked at 43.12% in 2007 and decreased to 27 .18% in 2014; silicosis increased from 3.03% to 23.62% over the study period; and HIV increased rapidly from below 1.00% from 1987 to 1993, to a peak in 2002 (47.20%), and then decreased to 20.96% in 2014. 
Determinants of PTB trends
The goodness-of-fit test p values were p<0.0001 for the 1990-2004 and 2005-2014 models for black miners, and p=0.042 for the 1990-2004 model for white miners. The modelling process was repeated in a 25% random sample of the study population, and good fit (p>0.05) was obtained for the models in each calendar period. Tables 3 and 4 present the unadjusted and adjusted ORs for PTB by calendar period in black and white miners, respectively.
1975-1989
In black miners, silicosis, increasing age and year of autopsy group were significant predictors of PTB in the 1975-1989 calendar period. The results for duration of employment are discussed ahead. The odds of PTB in miners with silicosis were three times higher (AOR=3.08, 95% CI 2.65 to 3.57) than in non-silicotic miners. Compared with miners younger than 30 years of age, the odds of PTB increased with increasing age, from AOR=1.33 (95% CI 1.15 to 1.54) in the age group 30-39 years to AOR=2.47 (95% CI 1.92 to 3.18) in those aged 60 years and older. In this calendar period, the AORs of PTB were only significantly elevated for miners who died in 1980-1984 (AOR=1.31, 95% CI 1.15 to 1.49) using 1975-1979 as the reference group.
In white miners, silicosis (AOR=2.21, 95% CI 1.72 to 2.76) was a significant determinant of PTB. Compared with miners with no gold mining service, the odds of PTB were also significantly elevated in miners with 10-19 and 20-29 years of employment in gold mines (AOR=1.67, 95% CI 1.05 to 2.65, and AOR=1.88, 95% CI 1.22 to 2.91, respectively).
1990-2004
In 1990-2004, increasing year of autopsy was the most significant determinant of PTB in black miners. The AORs for silicosis and age were significant but lower than in 1975-1984. The pattern of increasing AORs with increasing age observed in the previous calendar period (1975-1989) was not observed. The AOR for HIV was also significant (AOR=1.37, 95% CI 1.25 to 1.49).
In white miners, the AORs for PTB in miners with silicosis were significant and higher than in the previous calendar period. Year of autopsy was significant in 2000-2004.
2005-2014
For black miners, the AORs for PTB continued to increase with increasing year of autopsy and were highest in 2005-2009 (AOR=9.79, 95% CI 8.58 to 11.16). The AORs were significantly elevated and increased with increasing gold employment duration. The AORs for PTB were significantly elevated in black miners aged 30-49 years, were not significant in the age group 50-59 years and were significantly reduced in those aged 60 years and older (AOR=0.65, 95% CI 0.51 to 0.82). The AORs for PTB in miners with silicosis and HIV were significantly elevated but were lower than in the previous calendar period.
In white miners, the AORs for PTB were significantly elevated in miners with silicosis and in each year category, and were higher than in the previous calendar period. The AOR for PTB in the HIV-positive was significantly higher than that in the HIV-negative (2.53, 95% CI 1.03 to 6.22) and was higher than in black miners (AOR=1.17, 95% CI 1.07 to 1.28). However, the overlap in CIs indicates that the difference by population group was not statistically significant.
Duration of employment
To further explore the association between PTB and duration of employment, logistic regression modelling was repeated excluding the silicosis variable (model 2). In these models, the AORs for PTB increased with increasing duration (supplementary tables S2 and S3) and were significantly elevated in miners with at least 10 
Missing data
Of the 26 195 excluded cases (table 1), 24 229 had missing values: 19 727 (75.31%) were black and 4502 (17.19%) were white miners. There were 4267 (16.29%) cases with missing age, 3309 (12.63%) with missing commodity and 21 898 (83.60%) with missing employment duration. Among the excluded cases, 3008 (13.77%) miners had PTB. The AORs and standard errors (SEs) were similar in models using complete cases or imputed data for black miners (supplementary table S4 ).
Discussion
This study investigated PTB diagnosed pathologically at autopsy in South African miners over four decades of major political, legislative and policy reforms and economic changes in the industry. During this period neither the statutory criteria for access to autopsy compensation nor the pathological criteria for the diagnosis of PTB and silicosis changed. Our main findings were that even before the advent of HIV, the proportions of miners with PTB were high; were five times higher in black compared with white miners; increased over time in both black and white miners; and the magnitude and distribution of determinants of the disease differed by population group and calendar period.
Black miners
Pre-HIV period
In 1975-1989, the proportions of PTB in black miners were low but increased over time. During this period, mine dust levels did not change ,31 silicosis rates in black miners increased 26 and two important work practice changes were implemented. In 1975, workforce stabilisation, which allowed experienced black miners to work long-term contracts, was introduced, and from 1983 miners who completed TB treatment successfully were permitted to resume underground work. 11 Prior to this, miners with TB were permanently excluded from working in mines or in dusty surface work. Hence, TB cases in the PATHAUT database prior to 1983 were largely men who had either not been clinically diagnosed or who were awaiting discharge from employment. These policies resulted in an older workforce and increased cumulative dust exposures, which in turn increased silicosis and PTB risks.
In this early period, we could not compare observed PTB trends with those in other South African populations as there are no reliable mortality data. 32 Silicosis, increasing age and increasing gold mining employment duration were the main PTB determinants in black miners and reflect industry changes at this time.
Rapid HIV spread period
In 1990-2004, the steep increase in the proportions of black miners with PTB at autopsy coincided with the initiation and rapid spread of HIV 29 and HIV-related mortality. 33 Increasingly, the year of autopsy was the most significant predictor of PTB in black miners. Although statistically significant, the AOR (AOR=1.37) for HIV was much lower than expected. The definition of HIV that was used is problematic and is discussed ahead. Year of autopsy possibly subsumed the effects of HIV as it is a surrogate for unmeasured confounders. These include the unknown HIV status of many autopsied miners and thus possible misclassification of HIV-negative cases and ongoing and onward transmission of Mycobacterium tuberculosis to both HIV-negative and HIV-positive miners because of high TB prevalence. 34 
ART period
The peaks in PTB proportions that we observed in 2007 for both population groups occurred around the same time as peak national TB mortality. Pillay-van Wyk et al 32 reported combined HIV/AIDS and TB mortality trends based on death notifications from 1997 to 2012. Both the crude and age-adjusted trends increased rapidly from 1997 to peaks in 2006 and declined thereafter. Lim et al, 35 using data from various sources and autopsies, observed a similar pattern of mortality in platinum miners from 1992 to 2012, with a peak in 2003. The declines in mortality observed after the peaks are associated with the roll-out of ART.
In black miners, year of autopsy continued to be the most significant predictor of PTB in 2005-2014. Age increased the likelihood of PTB in miners aged 30-49 years. However, no association was observed among those aged 50-59 years probably because of a healthy worker effect caused by older miners leaving the industry due to ill-health. The reduced odds of PTB among black miners older than 60 years are explained by selection bias due to poor autopsy uptake by former black miners. 27 Gold mining employment duration was a significant determinant of PTB in black miners in 2005-2014. A dose-related association between increasing cumulative silica dust exposure and PTB risk has been described. 17 However, in a recent study of copper miners, the association was only significant in the highest exposure group. 36 
White miners
Few studies have investigated PTB in white South African miners. In a cohort of white gold miners, no PTB deaths were recorded in men who died in the 1970s. 37 In another cohort, 115 of 2255 (5.1%) miners developed PTB over a 25-year period (1968-1971 to 1995) . 17 We observed that the proportions of PTB in white miners remained low well into the period of rapid HIV spread but doubled from 2000 to 2007.
Silicosis was the most important determinant of PTB in white miners throughout the study. The significantly elevated odds of PTB by year group from 2000 to 2004 onwards suggest undisclosed HIV infection in white miners as well as onward transmission of TB to HIVnegative miners. 34 However, the higher than expected AORs for PTB and HIV in white miners in 2005-2014 (AOR=2.53 vs AOR=1.37 in black miners) may be an anomaly arising from the small numbers of HIV-positive white miners with PTB.
In 2003, voluntary industry milestones were set to reduce 95% of all respirable crystalline silica dust measurements to below the occupational exposure limit (OEL) of 0.1 mg/m 3 and to ensure no new cases of silicosis in novice miners who entered the industry after 2008. 21 Updated milestones have reduced the OEL to 0.05 mg/m 3 and, in line with the latest national TB guidelines, 22 aim to reduce TB incidence to the national rate or below, and improve access to HIV counselling, testing and ART, and health education and communication by 2024. 38 
Strengths and limitations
A major limitation of this study is that the autopsy data do not represent all deceased South African miners due to inadequate provision of autopsy services for former black miners in labour sending areas. 27 This was exacerbated by the overall decline in mine employment, which may partially explain the annual decreases in autopsy numbers from the late 1980s. Furthermore, in the era of HIV, increasing numbers of sick miners, many of whom would have had TB, left the mines and had limited access to autopsy services. 18 Hence, PTB was probably underestimated.
Other limitations are related to the use of routine, administrative data. The PATHAUT database provides information for compensation, which requires limited demographic and exposure information. The unavailability of dust measurements in the database necessitated the use of an imprecise proxy measure, duration of employment, in our analyses. Increasing gold employment duration was an important determinant of PTB. Our models show that silicosis diluted the effect of duration. This highlights the complexity of disentangling the biological effects of these risk factors. The insignificant AORs for PTB and duration in 1990-2004 might be explained by the dramatic spread of the HIV epidemic in this period.
The definition of HIV is an important limitation of this study. Therefore, the AORs for PTB and HIV should be interpreted with caution. HIV status is not required for the determination of compensation for PTB and is often not stated on the death certificate. The exclusion of TB deaths from the definition of HIV and the 5837 cases which were classified as HIV-negative because no cause of death was stated may have resulted in the underestimation of HIV. Although the proportions of HIV in our study were comparable with the 30% prevalence rates reported in living miners, 2, 18 we expected a higher proportion of HIV in deceased miners. Misclassification of some HIV negative cases might have also biased the estimates in our models.
A potential limitation was the large number of cases with missing information which were excluded in our analyses. However, the excluded cases did not bias our findings as similar estimates were obtained in models using complete cases or imputed data. Ideally, standardisation of PTB by, for example, age, population group and social class, would have been appropriate. However, there were no appropriate external population data available for standardisation, but we have demonstrated that in more recent years the trends of PTB in this study were comparable with TB trends in the general South African population. 32 A strength of the study was the diagnosis of PTB based on pathological findings at autopsy, which have higher specificity and sensitivity than clinical diagnoses. 39 Furthermore, the pathological diagnostic criteria were constant throughout the study period and thereby enabled comparisons over time. In contrast to other South African studies that reported TB trends from the 1990s onwards, the availability of long-term data enabled us to analyse trends beginning well before the era of HIV.
Conclusions
Despite its limitations, the PATHAUT database provides the longest standing source of surveillance information for PTB in the South African mining industry and general population. Although PTB in miners has declined since the initiation of ART, the proportions are still high and indicate continued disease transmission. In our analyses, the major determinants of PTB in the most recent calendar period were year of autopsy, long duration of employment in gold mining, silicosis and HIV. Our findings underscore the complexity of the mining environment and provide clear indications of areas of intervention required to achieve current targets to reduce TB and to address its determinants. Silicosis and gold mining duration are important determinants of PTB, even in the era of HIV; therefore silica dust control remains key to TB control in the mining industry. Interventions to improve TB and HIV treatment and management are also important. The autopsy data provide reliable information for monitoring the outcomes of interventions to reduce TB in the mining industry.
